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Abstract The paper reports on a simple method of syn-
thesizing [PEO(PCL),] triarm star-shaped copolymers
by a combination of Michael-addition type reaction and
ring-opening polymerization. A Michael-addition reaction
yielded a PEO end-capped by two hydroxyl groups—a
[PEO(OH),] macroinitiator—which was used for sequential
building of PCL blocks. The macroinitiator and copoly-
mers were analyzed by FTIR, 'H NMR spectroscopy and
SEC. The self-assembly behavior of the copolymers in
aqueous media was studied by UV-Vis spectroscopy. The
size and morphology of the obtained micelles were deter-
mined by TEM. None of the polymers had cytotoxic effects
in vitro. Cellular uptake studies showed the accumulation
of neutral red loaded micelles in the perinuclear area of
human hepatocellular carcinoma cells revealing a cellular
uptake associated with macropinocytosis and caveolae
mediated endocytosis. The accumulation had a sustained
effect over 3 days pointing at the potential application of
the copolymers micelles as a drug delivery system.
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1 Introduction

Recently block copolymers of complex architecture have
been receiving a great attention [1-8]. Amongst them star-
shaped block copolymers consisting of at least three linear
polymeric chains (arms) with radial arrangement around a
central molecular fragment (core) [9-11] appear to be the
most promising for various emerging applications owing to
their smaller hydrodynamic volume and radius of gyration,
and lower melt and solution viscosities compared with their
linear counterparts [3, 12—-16].

Star-shaped polymers are usually prepared by the “arm-
first” or “core-first” method. The “arm-first” route involves
construction of polymer arms on a macroinitiator that contains
a precise number of reactive sites [17, 18]. The “core-first”
approach utilizes multifunctional low molecular weight ini-
tiators allowing the synthesis of block copolymer chains [19].
Several synthetic strategies have been described for the
preparation of star-shaped block copolymers based on
poly(ethylene oxide) (PEO) and polyesters such as poly(e-
caprolactone) (PCL) [4, 8, 20] or polylactides (PLA) [21-23].
Ithas been found that block copolymers composed of PCL and
PEO introduced into the body are degraded into non-toxic and
readily excreted products [24, 25]. Indeed, PEO is an excellent
biocompatible material owing to its flexibility, non-toxicity
and hydrophilicity [26]. PCL is a non-toxic biodegradable
polymer of a hydrophobic character [27]. The different solu-
bility of PEO and PCL blocks determines the specific and
unique solution behavior of these copolymers [8]. Asitis well-
known, block copolymers of this kind are able to form
nanosized micelles with a core—shell architecture. These
envelopes have great potential as drug delivery systems
because their hydrophobic cores can be used as reservoirs for
lipophilic agents (drugs). Being able to protect drugs from
degradation as well as to reduce drugs toxicity polymeric
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micelles composed of PEO-PCL block copolymers have
previously been used as drug carriers. They also could mini-
mize or even remove some of the unwanted side effects [28—
33]. A wide variety of in vitro assays has been successfully
used to screen the potential role of polymeric micelles as drug
carriers. Many different cell lines are commonly used as
model systems when studying the properties of such nano-
particles. In most cases the function of the selected cells is
detrimentally affected by their uptake. The phenomenon is
observed especially with hepatocytes which are the most
abundant cell type within the liver and are responsible for the
majority of liver functions [34].

In this paper we present a new, simple and efficient route
to synthesis of AB, triarm amphiphilic block copolymers,
consisting of hydrophilic PEO (A) and hydrophobic PCL
(B) arms. The advantage of this approach is both high yields
and excellent purity of the obtained polymer products. In
this study we also demonstrate the ability of the star-shaped
copolymers to form nanosized micelles as well as their
capability to deliver a low molecular organic substance into
living cells.

2 Experimental
2.1 Materials

e-Caprolactone (¢-CL, 99%, CAPA®) was kindly provided by
Solvay (UK). The &-CL was dried over calcium hydride with
continuous stirring at room temperature for 48 h and distilled
under reduced pressure before use. Poly(ethylene oxide)
methyl ether methacrylate (MePEOMA, 1,100 g/mol), 1,6-
diphenyl-1,3,5-hexatriene (DPH, 98%), Neutral Red (NR), Tin
(I) 2-ethylhexanoate (Sn(Oct),, 95%, 0.06 M solution in tol-
uene), and phosphate buffered saline (PBS, P5368) were
received from Sigma-Aldrich. 3-mercapto-1,2-propanediol
(~98%, Fluka), DPH, and NR were used without further
purification. Pyridine (~99%, Aldrich) was dried over calcium
hydride and distilled under reduced pressure. Toluene (99%,
Labscan) was refluxed for 24 h over Na-K alloy under dry
argon atmosphere and then distilled. Tetrahydrofuran (THF,
99%, Fluka) was dried by refluxing over calcium hydride for
24 h and distilled under argon atmosphere. All aqueous solu-
tions were prepared in doubly distilled water (ddH,O).

2.2 Cell line, reagents and chemicals

Human liver hepatocellular carcinoma cell line (HepG2)
was obtained from American Type Culture Collection
(HB-8065) and maintained in DMEM (Dilbecco’s Modi-
fied Eagle Medium, Applichem, Germany) supplemented
with 10% (v/v) FBS (Fetal Bovine Serum, BioWhittaker,
USA), penicillin (100 pg/ml), streptomycin (100 pg/ml)
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and 4.0 mM L-glutamine at 37 °C in a humidified atmo-
sphere of 5.0% CO, and 95% air. Cells were routinely
checked for mycoplasma contamination, by 4’,6-diami-
dino-2-phenylindole staining (DAPI, Roche Diagnostics,
Germany) and found free of it. For subsequent experi-
ments, HepG2 cells were grown in tissue culture dishes or
multiwell plates (Nunc, Germany).

2.3 Synthesis of a-methoxy-m,w’-dihydroxy
poly(ethylene oxide) macroinitiator [PEO(OH),],
((2) Scheme 1)

The reaction was carried out as follows: MePEOMA (6.0 g,
5.4 mmol) was placed in a 100 ml one-neck round-bottom
flask, dissolved in 30 ml of anhydrous toluene and dried by
azeotropic distillation. 3-mercapto-1,2-propanediol (1.1
equiv., 6.0 mmol), pyridine (2.0 equiv.) and dry THF
(15 ml) were then added. The reaction mixture was stirred
at 25 °C for 3 days under argon atmosphere in the dark,
followed by removing of pyridine and THF under reduced
pressure. The polymer was dissolved in toluene and pre-
cipitated in cooled diethyl ether and then recovered by fil-
tration. The precipitate was washed with diethyl ether and
dried in vacuo (Yield: 90%).

2.4 Synthesis of [PEO(PCL),] star-shaped copolymers,
((3) Scheme 1)

Typically, 0.5 g (1.0 mmol) of [PEO(OH),] were intro-
duced into a 50 ml glass reactor containing a magnetic bar.
The polymer was dissolved in dry toluene and dried three
times by azeotropic distillations. A certain amount of
freshly distilled e-CL was then added. After heating, a
0.1 ml of 0.06 M Sn(Oct), was rapidly injected through a
septum and the polymerization was carried out for 48 h at
110 °C. The reactor was cooled to room temperature and
the reaction mixture was dissolved in toluene. The
copolymer was collected by precipitation in cooled diethyl
ether, filtrated, and dried overnight at 40 °C in vacuum.

2.5 Characterization techniques

All proton nuclear magnetic resonance (‘H NMR) spectra
were recorded at 250 MHz on a Bruker Avance DRX 250
spectrometer using deuterated chloroform as a solvent and
tetramethylsilane as an internal reference.

The Fourier transform infrared (FTIR) spectra were
recorded on a Bruker-Vector 22 spectrometer at a resolu-
tion of 1-2 cm™ ' accumulating 50 scans. The samples were
prepared in the form of KBr pellets.

Ultraviolet—visible (UV-Vis) investigations were per-
formed with a Beckman L-80 UV-Vis spectrometer
(Beckman-Coulter, USA).
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Scheme 1 Synthetic pathway
for the preparation of
[PEO(PCL),] star-shaped block
copolymers

The size and morphology of polymeric micelles were
studied by transmission electron microscopy (TEM). The
sample of micellar solutions were dropped on formvar-
coated copper grids, air dried for several hours at room
temperature followed by drying in a vacuum oven for 2 h
at 40°C. The experiments were performed on a JEOL
(JEM-100B) microscope with accelerating voltage of
80 kV.

The number average molecular weight (M,), weight
average molecular weight (M,,), and polydispersity index
(M,,/M,,) of prepared macroinitiator and block copolymers
were determined on a size exclusion chromatography
(SEC) system (Waters) equipped with a double detection—
differential refractometer M410 and a M484 UV detector.
Data collection and processing were done using a Clarity
software. The analyses were performed on Ultrastyragel
Linear, Styragel 100 A, and Styragel 500 A columns
(Waters) calibrated with PEO standards. THF was used as a
mobile phase at a flow rate of 1.0 ml/min at 45 °C.

2.6 Formation of polymeric micelles and determination
of the critical micelle concentration
of [PEO(PCL),] block copolymers

The micelles of [PEO(PCL),] block copolymers (3a, 3b,
and 3c, in Table 2) were prepared by the following
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procedure. A sample of [PEO(PCL),] triarm block
copolymer (5.0 mg) was initially dissolved in 1.0 ml THF
and then made up to 100 ml with ddH,O under vigorous
stirring at 5 °C. After that, the organic co-solvent was
removed by a rotary evaporator at 30 °C for 1 h and a
series of [PEO(PCL),] aqueous solutions of different con-
centration (0.05 to 1.0 x 107> g/L) were prepared. The
critical micelle concentration (CMC) of the [PEO(PCL),]
triarm block copolymers was determined using DPH as a
hydrophobic probe. The obtained series of copolymer
solutions were added to vials containing methanol solution
of DPH. The final concentration of DPH was
4.0 x 107° M. All samples were kept in the dark at room
temperature for 24 h to reach the solubilization equilibrium
of DPH in the aqueous phase before further analysis.

2.7 Formation of NR-loaded [PEO(PCL),] block
copolymer micelles

The loading of NR into the polymeric micelles was realized
by diluting a stock solution of NR (6.5 mM) with a pre-
determined volume of 10.0 uM aqueous [PEO(PCL),]
solution. The final concentration of NR in the micellar
solution was 0.376 mM. The resulting solution was shak-
ing overnight at room temperature and allowed to stand
stationary for additional 24 h.
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2.8 Cytotoxicity assay

The in vitro cytotoxicity assay (methyl-thiazol-tetrazolium
based, MTT assay) was performed according to Mosmann
[35]. Briefly, logarithmic growing HepG2 cells were har-
vested and plated at a density of 5.0 x 10* cells/well in
100 pI DMEM. Twenty-four hours later the different
concentrations (4.3; 8.6; 21.5 uM) of micellar solutions
were added and incubated for 24, 48, and 72 h. Following
the incubation periods 10 pl of MTT solution (5.0 mg/ml)
was added and re-incubated for further 3 h. The MTT-
formazan product was dissolved in isopropanol and the
absorption at 550/630 nm was measured on an ELISA plate
reader (Bio-Tek Instruments Inc., USA). MTT assay has
been performed eight times in total.

2.9 Cellular uptake of NR-loaded polymeric micelles

HepG2 cells were seeded into 24-well plates at a density of
5.0 x 10* cells/well in 200 ul DMEM media. After 24 h
incubation, DMEM media was removed and fresh solutions of
NR and NR-loaded micelles were added. For this purpose, the
NR solution in ddH,0 and NR-loaded micelles were diluted
with equivalent volumes of cell culture medium. The NR
concentration in all wells was 0.138 mM, whereas the poly-
mer concentration was 5.0 pM. Cells were further incubated
for 4, 24,48, and 72 h. At the end of the incubation time cells
were washed three times with PBS and fixed with 1.0%
formaldehyde. The NR intensity inside cells was evaluated
after extraction with 1.0% glacial acetic acid in 50% ethanol.
The NR accumulated in HepG2 cells was quantified spectro-
photometrically at 540 nm with DTX880 (Becman-Coulter,
USA) against cells incubated only with NR.

For light microscopy studies, the cells were seeded on a
sterile round glass cover slips at same conditions men-
tioned above. At the end of incubation period, the medium
was withdrawn, the cells were washed with PBS and fixed
with a 4.0% of paraformaldehyde in PBS. Cover slips were
mounted on glass slides with UltraCruz mounting media
(SantaCruz, USA) and observed under Telaval microscope
(Carl Zeiss, Germany).

2.10 In vitro NR-release study

The release of NR from the NR-loaded micelles has been
studied in vitro following 24 h incubation of HepG2 cells
with the same concentration as in the celllular uptake
study. Following this period the cells were washed three
times with PBS and incubated up to 200 h with fresh
DMEM. Quantification of the released NR was performed
specrophotometrically and was normalized against the cell
numbers obtained by direct counting with an automated
cell counter (Countess, Invitrogen, USA).
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2.11 Endocytosis pathway analysis

The HepG2 cells were incubated for 30 min with different
inhibitors—cytochalasin D (CytD, 3.0 pg/ml), chlorprom-
azine (CPZ, 6.0 pg/ml), cytochalasin B (CytB, 6.0 pg/ml),
and methyl-f-cyclodextrin (MSC, 100 pg/ml). Following
incubation, the cells have been treated with NR-loaded
micelles for 24 h. Subsequently, the cells were washed
three times with PBS and fixed with 1.0% formaldehyde.
The NR accumulated in the HepG2 cells was quantified
spectrophotometrically at 540 nm with DTX880.

2.12 Statistical analysis

Data are reported as mean =+ standard deviation (SD). Dif-
ferences between the means were determined by one-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc test for multiple comparisons using PASW Statistic 18
(IBM, Chicago, USA). The level of significance was set at
p = 0.05.

3 Results and discussion

3.1 Synthesis of [PEO(OH),] macroinitiator
(compound 2, Scheme 1)

The Michael-addition type reaction was used as a conve-
nient method for the synthesis of a-methoxy-m,w’-dihy-
droxy poly(ethylene oxide) [PEO(OH),]. The [PEO(OH),]
was designed as a macroinitiator for the sequential ring-
opening polymerization (ROP) of ¢-CL (Scheme 1). For
this purpose, commercially available MePEOMA (electron
withdrawing enone) with molecular weight 1,100 g/mol,
was reacted with 3-mercapto-1,2-propanediol (nucleo-
phile). This type of reaction typically refers to the base-
catalyzed addition of nucleophiles, such as thiols, to an
activated o,f-unsaturated carbonyl-containing compound.
The reaction was performed under mild reaction conditions
(room temperature, dry argon atmosphere, polar aprotonic
solvent THF, and in the dark) in the presence of pyridine,
as a highly active homogeneous base catalyst. The
macromonomer (MePEOMA) conversion estimated from
the relative intensity of the signals characteristic of both
H,C=C- (6 = 5.57 ppm) and CH;0- (6 = 3.39 ppm)
groups in the '"H NMR spectrum was found to be quanti-
tative (~85% at reaction time 72 h). After purification, the
structure of the macroinitiator was confirmed by '"H NMR
and FTIR spectroscopy. [PEO(OH),] M,, was determined
by 'H NMR spectroscopy and SEC. The macromolecular
characteristics of MePEOMA and [PEO(OH),] macroini-
tiator are listed in Table 1.
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Table 1 Macromolecular characteristics of PEO chains

No.  Sample Conversion® M,° M, M, /M,
(%) (NMR) (SEC)  (SEC)

1 MePEOMA  — 1100 1300 1.06

2 [PEO(OH),] 85 1250 1400 1.10

 The degree of conversion was calculated by "H NMR spectroscopy
® M, was calculated by 'H NMR spectroscopy according to Eq. 1
¢ M, and d M,,/M,,-values relative to PEO standards

d
g S@Qfo
b+h+i h e
HOTN o
C
HO z(
a (6]
b
<
N
a
e+fg THF
c d
6 4 2
ppm

Fig. 1 'H NMR spectrum of [PEO(OH),] (2, in Table 1)

The structural features of the synthesized [PEO(OH),]
macroinitiator were determined by 'H NMR spectroscopy
(Fig. 1). The broad signal marked b at 3.65 ppm is char-
acteristic of the methylene protons of ethylene oxide (EO)
repeating units. Other signals in the vicinity of the one at
3.65 ppm have been also observed, namely: at 2.76 ppm
typical of -(CH3)CH- (e); at 2.74 and 2.51 ppm charac-
teristic of -S—CH,—~CH(OH)- (f) and at 2.69 and 2.93 ppm
ascribed to —CH(CH3)-CH,—S—(g). The signal observed at
1.61 ppm (d) is assigned to the three protons of —CHj
group, and a singlet signal detected at 3.39 ppm (peak a)—
for the a-methoxy protons. Figure 1 also shows a complex
signal, observed at high chemical shifts which corresponds
to the two protons from —-CH,-O-C(O) at 4.25 ppm
(peak c¢). Unfortunately, the spectrum of [PEO(OH),]
macroinitiator did not permit a clear determination of the
signals labeled h and i (Fig. 1) because they are hidden in
the broad signal of the EO repeating units at 3.65 ppm.
[PEO(OH),] M,, (2, in Table 1) was determined by 'H
NMR spectroscopy and calculated according to Eq. 1:

M, nmr) = [(Ib/4)/(Ia/3)] X Mru+ Mgc1 + Mec2 (1)

where I, and I, are the integral values of the signals at
3.65 ppm (PEO) and 3.39 ppm (methoxy end-group), Mgy is
the molecular weight of the repeating unit (—CH,—CH,—O-),

while Mgg; and Mgq, stand for the molecular weights of the
(-S—-CH,—CH(OH)-CH,—OH) and (CH;0-) end groups.

The SEC chromatograms of starting MePEOMA and of
the corresponding [PEO(OH),] macroinitiator show a
monomodal distribution (Fig. 1 in Supplementary Data).
Naturally, the elution time of [PEO(OH),] macroinitiator
was shifted towards lower values corresponding to a higher
molecular weight if compared to those of the starting
macromonomer. Besides, the analysis clearly demonstrates
the absence of any side products of lower or higher M,
values formed as a result of the telomerization of MePE-
OMA, of the hydrolysis or transesterification of MePE-
OMA ester bonds.

The chemical composition and structure of the macro-
initiator were further characterized by FTIR spectroscopy
(Fig. 2a). The presence of hydroxyl groups at o and o’
positions in the structure of [PEO(OH),] was proven by the
appearance of a broad and intense absorption band with a
maximum at 3,501 cm ™' (Fig. 2a). An analogous band was
also observed in the spectrum of 3-mercapto-1,2-propane-
diol (Fig. 2¢) at 3,375 cm™' indicating the existence of
intramolecular hydrogen bonding between the hydroxyl
groups and the neighbouring thiol one. The presence of a C—S
bond in the macroinitiator structure was evidenced by the
appearance of a new low-intensity band at 708 cm™!
assigned to C—S—C stretching vibration, characteristic of
thioether compounds. In the FTIR spectrum of [PEO(OH),]
the distinctive bands of aliphatic esters (at 1,731 cnf'),
ether groups of the EO repeated units (at 1,105 cm™"), and of
primary hydroxyl group (at 1,039 cm™") were also observed
(Fig. 2a). Moreover, the effectiveness of the synthetic pro-
cedure (a reaction between the used thiol and MePEOMA)
was confirmed by the complete disappearance of the peaks
corresponding to the methacrylate H,C=C(CHj3)- group at
820 cm ™' (see Fig. 2b) and —SH group at 2,560 cm™' (see
Fig. 2¢) in the macroinitiator’s spectrum.

25
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Fig. 2 FTIR spectra of the (a) [PEO(OH),], (b)) MePEOMA, and
(¢) 3-mercapto-1,2-propanediol
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3.2 Synthesis of [PEO(PCL),] star-shaped copolymers
(compound 3, Scheme 1)

The [PEO(PCL),] triarm star-shaped copolymers were
successfully synthesized by ROP of the e-CL monomer. The
synthesized [PEO(OH),] was used as an efficient macro-
initiator in the presence of Sn(Oct), as a catalyst. The
involvement of both terminal and internal hydroxyl groups
(primary and secondary alcohol groups) as initiators for
ROP of ¢&-CL monomers has been demonstrated in numer-
ous experimental examples [36, 37]. The length of the PCL
blocks was controlled by regulating the ¢-CL/[PEO(OH);]
molar ratio. After purification, the [PEO(PCL),] block
copolymers were characterized by 'H NMR, FTIR spec-
troscopy and SEC analysis.

The '"H NMR spectrum of the [PEO(PCL),] triarm block
copolymer (Fig. 3) has the signals characteristic of PCL
and PEO chains. The methylene protons of EO repeating
units marked with b were observed at 3.66 ppm. The sig-
nals of PCL protons were detected at 4.07 ppm (I) (-CH,—
0C(0)), 2.32 ppm (h) (-C(O)-CH,), 1.66 ppm (i + j)
(-C(0)-CH,—CH,—CH,—CH,-), 1.62 ppm (d) (-CH3), and
1.39 ppm (k) (—C(O)-CH,—CH,—CH,-), respectively. The
M,, of the [PEO(PCL),] block copolymers was determined
by '"H NMR using the following equation:

M, gy [PEO(PCL),| = (1/2)/(I,/4) X DPpro
x 114.14
+ M, (nwr) [PEO(OH), | (2)

where I} and I,, stand for the integral values of the methylene
protons of the PCL at 4.07 ppm (peak 1, Fig. 3) and for the
methylene protons of the PEO at 3.66 ppm (peak b, Fig. 3).
The molecular weight of a ¢-CL monomer unit is 114.14.
DPpgo is the degree of polymerization of the PEO and
M, nmr) [PEO(OH),] is the molecular weight of the mac-
roinitiator. The observed experimental degrees of &-CL
polymerization are in good agreement with the theoretically
expected values (Table 2).

The SEC curves of the triarm star-shaped copolymers
are monomodal, symmetric and of a narrow molecular
weight distribution (Fig. 2 in Supplementary Data). The
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Fig. 3 'H NMR spectrum for the [PEO(PCL),] star-shaped copoly-
mer (3b, in Table 2)

values for M,, and M,/M,, for all [PEO(PCL),] block
copolymers are listed in Table 2.

The structure of the obtained [PEO(PCL),] triarm star-
shaped block copolymers was also confirmed by FTIR
spectroscopy. The FTIR spectra of all samples show sim-
ilar bands and signals. The observed characteristic peaks
are the following (Fig. 4): at 1,725 cm™'—ester bond
(C=0 stretching) of the ¢-CL repeated units of the PCL
blocks; at 1,189 cm ™~ '—ether bond (C-O-C stretching) of
the EO repeated units of the PEO backbone; at 2,950 and
2,866 cm~' —C-H vibrations typical for both monomer
units; and at 3,649 cm ™~ '—the characteristic band assigned
to the terminal hydroxyl groups in block copolymers.

3.3 Micellization of the [PEO(PCL),] triarm star-
shaped block copolymers

We investigated CMC, micelle size, and morphology of the
prepared [PEO(PCL),] star-shaped block copolymers in
aqueous media. As known the different water-solubility of
PEO and PCL blocks is the factor determining the
amphiphilic behavior of the obtained star-shaped block

Table 2 Characteristics of the [PEO(PCL),] triarm star-shaped copolymers

No Sample M]/[11, M,?, (theor.) M,°, (NMR) M,S, (SEC) M,/M,%, (SEC)
3a [PEO(PCL),] 8 3100 2750 3500 1.30
3b [PEO(PCL),] 17 5100 4900 6630 1.47
3c [PEO(PCL),] 26 7100 6500 7900 1.33
3d [PEO(PCL),] 35 9100 8900 9050 1.38

M, = [M]/[I], x 114.14 + M,[PEO(OH),]
® M, was calculated by "H NMR spectroscopy according to Eq. 2
© M, and M,,/M,, values relative to linear PEO standards
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Fig. 4 FTIR spectrum of the [PEO(PCL),] star-shaped copolymer
(3b, in Table 2)

copolymers. Such block copolymers self-assemble in
aqueous medium forming nanospheric micelles having a
PCL hydrophobic core and a shell of hydrophilic PEO
chains [38, 39]. The micellization of [PEO,s5(PCLg),],
[PEO,5(PCL;7),], and [PEO,5(PCL,¢),] copolymers were
monitored by a UV-Vis spectroscopy using DPH as a
hydrophobic probe. CMC was determined as a result of the
spectral changes in DPH molecules in the UV-Vis region
[40]. The data revealed that at low concentrations of the
star-shaped block copolymers the DPH absorbance was
practically unchanged and close to zero. At a higher con-
centration of the copolymers the absorbance of DPH
changed dramatically in response to alterations in its
environmental polarity (entrapping of lipophilic DPH in
the hydrophobic micelles cores). CMC values were deter-
mined from the intersection of horizontal and vertical
tangents of the obtained curves (Fig. 5a). CMC values for
[PEO>5(PCLg)>], [PEO>5(PCL17)2] and [PEO,s5(PCLoe)o]
copolymers were found to be 2.80 x 107> g/L,
2.14 x 107 g/L, and 1.05 x 107> g/L, respectively. The
CMC value for the [PEO,5(PCL35),] copolymer was not

Fig. 5 A CMC curve (a) and a

determined because of its poor solubility in water, due to
the larger molecular weight of PCL blocks. The values
clearly indicate that CMC of the star-shaped block
copolymers decreases with an increase of its hydrophobic
character. Hence, the formation of polymeric micelles
should be more efficient when the hydrophobic blocks in
[PEO(PCL),] copolymers are of higher molecular weight.
The morphology and size of the polymer micelles were
investigated by TEM. As seen from the micrograph,
(Fig. 5b) the obtained micelles possess a well-defined
spherical shape. More than 100 nanoparticles were counted
and measured to determine the diameter of the polymeric
nanospheres (Fig. 3 in Supplementary Data). It generally
varies from 10 to 16 nm with an average size of about
13 nm. In comparison with the linear di- and triblock
copolymer counterparts (PEO-b-PCL and PCL-PEO-PCL)
[41-43] the micelles formed by [PEO(PCL),] star-shaped
block copolymers have a smaller diameter. Undoubtedly,
the formation of polymeric micelles of smaller size and
lower CMC values is due to the ability of these copolymers
(miktoarm star with double solvophobic tails) to form
stable micelles of a lower aggregation number [44].

3.4 Cytotoxicity evaluation

A promising in cell delivery carrier should manifest both
sufficient cell penetration efficiency and low cytotoxicity.
Therefore the polymer micelles were subjected to MTT
assay to determine the cytotoxicity in HepG2 cells. In a
functional mitochondria MTT is reduced to formazan by
mitochondrial succinate dehydrogenase in complex II
(succinate:ubiquinone oxidoreductase complex), which has
a crucial role in both the oxidative phosphorylation and
tricarboxylic acid cycle [45].

As evident from the cell viability data (Fig. 6), all tested
concentrations of the polymeric micelles proved to be free
of cytotoxic effects following continuous exposure at
37 °C for 24, 48 and 72 h. There was some statistically
insignificant decrease in cell viability (p > 0.05) only at
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the highest concentration of micellar solution (21.5 pM)
for a 24 h exposure. In contrast, cells treated for 48 or 72 h
with polymeric solutions (8.6 and 21.5 uM) showed a
tendency to increase their viability (Fig. 6). The registered
effect may be explained by increased redox activity of
mitochondria in the presence of PCL. Similar results were
also observed by other authors when culturing 1929
fibroblasts on PCL thin films for a short period of time [46]
or in the presence of polymeric materials [47].

The obtained results strongly suggest that the synthe-
sized [PEO(PCL),] copolymer micelles are non-cytotoxic
and they are suitable for in vitro application.

3.5 Cellular uptake and accumulation

Cellular uptake of NR-loaded micelles was demonstrated
by light microscopy (Fig. 7a, b) using HepG2 cells. This
cell line was chosen because of its important hepatic
function and ability to form an adherent cell monolayer in
vitro. For the initial 4 h, the uptake of 4.3 pM NR-loaded

140 -

W Control
8.6 uM

0 4.3uM

e @ 21.5 uM

100 1
80

60 1

Viability (%)

40

204

Time (h)

Fig. 6 Viability of HepG2 cells following incubation of micellar
solutions at different concentrations for 24, 48 and 72 h. Data are
presented as average £ SD of eight independent experiments

Fig. 7 Cellular uptake of NR-loaded micelles by HepG2, after
incubation for 4 h at 37°C: a 4.3 uM; b 21.5 pM. The arrows show
some of the positively stained cells. The images are representative of
three experiments, magnification x200; ¢ time dependent uptake of

@ Springer

micelles (Fig. 7a) within the cells was minimal in contrast
to that at higher concentration (21.5 pM, Fig. 7b).

To further analyze the time dependency of NR-loaded
micelle accumulation we incubated the HepG2 cells up to
72 h, followed by an extraction of NR and spectrophoto-
metric quantification at 540 nm. The uptake was observed
to increase progressively over time, showing a 1.5 times
higher accumulation at the 4th h and another 4.5 times at
72th h compared with NR alone (21.5 pM, Fig. 7c).

The micelle internalization process into the cells can
be viewed as a binding/adsorbing process followed by the
formation of micelle-containing vesicles that can be inter-
nalized by endocytosis [48-50]. Endocytosis is a multi-step
complex cellular pathway for the internalization of different
macromolecules. To elucidate the internalization mecha-
nism of the NR-loaded micelles by HepG2 cells, various
inhibitors were used to study the possible endocytotic
mechanisms. Inhibition of cellular uptake was performed in
the presence of optimized single inhibitor concentration of
CytD (a macropinocytosis inhibitor), CytB (a microtubule
inhibitor), CPZ (a clathrin-mediated inhibitor), MfC (a
caveolae-mediated inhibitor), and with double combina-
tions. The analysis of the cellular internalization of the NR-
loaded micelles in HepG2 was done in comparison with that
in the absence of inhibitor as a reference. The results showed
that HepG2 cells pretreated with MpPC, CytD, and
CytD + CPZ internalized a significantly smaller amount of
micelles compared with the reference—40, 55, and 37%,
respectively. Similarly, treatment with CPZ (75%) or CytB
(92%) significantly reduced the amount of internalized
micelles. These results indicate that the pathway of cellular
uptake is predominantly via macropinocytosis and caveolae
mediated endocytosis. Upon endocytosis, internalized
nanoparticles become entrapped into an intracellular vesicle.
Once the polymers were endocytosed, they were found pri-
marily around the nuclear membrane (Fig. 7 b). We also
observed that a large fraction of the incubated micelles were
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0 - T : ;
4 24 48 72
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21.5 pM  [PEO(PCL),]-NR complex by HepG2 cells. Data are
presented as average = SD of eight independent experiments.
*Significantly different from 4 and 24 h uptake, p < 0.001
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Fig. 8 Release of NR from NR-loaded micelles in HepG?2 cells. The
cells were loaded for 24 h with 21.5 pM NR-loaded micelles. The
release of NR was followed by its accumulation in the lysosomes of
HepG2 cells growing in complete DMEM media for the indicated
time, (n = 3)

internalized by the cells and remained stable during the cell
cycle. To evaluate the release of NR from the NR-loaded
micelles we studied its accumulation in the lysosomes under
physiological conditions in vitro. It is known that having
penetrated the cell membrane by nonionic passive diffusion
NR concentrates into the lysosomes [51]. Depending on the
concentration, NR can bind electrostatically to the lysosomal
matrix and interfere with the lysosomal function leading to
cell death. The release profiles (Fig. 8) indicate a sustained
manner of NR release from the micelles. About two-thirds of
the loaded NR was released within 7 days and no clearly
expressed initial burst effect was observed. During the first
24 h of incubation 33% of the NR was released. This could
be an indication that the whole amount of NR was incorpo-
rated into the polymer micelles. These results also indicate a
slow rate of NR release, especially if taking into consider-
ation the short incubation periods and high activity of hepatic
lipases present in the HepG?2 cells and their participation in
the micelles degradation.

4 Conclusions

A novel and efficient method for the synthesis of well-
defined star-shaped block copolymers based on PEO and
PCL has been developed. The operational simplicity, high
yield and purity of the products have been demonstrated to
be the advantages of the applied synthetic strategy to the
previously described ones. The capability of the synthe-
sized amphiphilic [PEO(PCL),] star-shaped copolymers to
form spherical polymeric micelles of a smaller average
diameter and CMC values lower than those of their linear
counterparts has also been demonstrated. Furthermore, our
in vitro studies have proven the obtained polymer micelles
to be non-toxic and suitable carriers for in cell delivery.
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